High occurrence of Fusarium poae (FP) and Fusarium langsethiae (FL) and their mycotoxins nivalenol (NIV) and T-2/ HT-2 have been observed in Swiss oats. Early prediction of mycotoxin levels is important for farmers and the cereal industry to minimize the risk of contaminated food and feed. Therefore, climate chamber experiments were conducted to investigate the influence of different temperatures (10, 15, 20°C) and durations (4, 8, 12 h) at 99% relative humidity (RH) on the infection of oats with FP and FL. In addition, to discover the most susceptible period of oats, artificial FL inoculations were conducted at different growth stages. Field experiments were performed to observe the dispersal of these fungal species within the field and to investigate the weather conditions that influence the dispersal. The climate chamber experiments revealed higher contamination with NIV and T-2/HT-2 in the 10°C treatments and with a prolonged humidity duration of 12 h 99% RH. Inoculations of oat plants at early (DC 61) and mid (DC 65) anthesis, led to higher FL infection and T-2/HT-2 accumulation in the grains compared with treatments at earlier growth stages, which might be due to an increased susceptibility during anthesis. No indication for spore dispersal was observed in the field experiments. The results obtained, together with the cropping factors that influence infection and mycotoxin production, could be used as a first step in developing forecasting models to predict the contamination of oats with the mycotoxins NIV and T-2/HT-2.
Introduction
Fusarium head blight (FHB) is caused by different Fusarium species and has been extensively studied in wheat (Triticum aestivum) and barley (Hordeum vulgare) (e.g. Osborne & Stein, 2007; Sch€ oneberg et al., 2016) . Infections lead to yield reductions and contamination with mycotoxins, which threaten human and animal health (Desjardins, 2006) . Recently, a higher occurrence of Fusarium poae (FP) and Fusarium langsethiae (FL) and their mycotoxins nivalenol (NIV) and T-2/HT-2 toxins (T-2/HT-2), respectively, were observed in oats (Avena sativa) (Edwards et al., 2012; Hofgaard et al., 2016a) . These Fusarium species do not produce any symptoms in oats and, in consequence, healthy-looking grains can contain elevated levels of mycotoxins (Imathiu et al., 2009; Stenglein, 2009) .
With respect to mycotoxin-contaminated food, in 2013, the European Commission set indicative levels for the sum of T-2 and HT-2 (1000 lg kg À1 unprocessed oats) and a tolerable daily intake (TDI) of 0.02 lg per kg body weight (European Commission, 2013) . In addition, an acute reference dose of 0.3 lg per kg body weight was set in 2017 by the European Food Safety Authority (EFSA; EFSA, 2017). Although no maximum level has been implemented, the EFSA has set a TDI of 1.2 lg per kg body weight for NIV, which is slightly higher than the TDI of deoxynivalenol (DON; 1 lg per kg body weight; EFSA, 2013a,b) .
The toxic effects of NIV and T-2/HT-2 include the inhibition of protein synthesis, reduction of the immune defence and an effect on growth in exposed animals (Torp & Langseth, 1999; Poapolathep et al., 2002; Nielsen et al., 2016) . During oat processing (dehulling, milling and flaking), some removal of these toxins occurs, but this leads to an increase in toxin in the resulting by-products that are often used as animal fodder (Pettersson et al., 2011) .
Epidemiological knowledge about Fusarium species is needed to understand the disease better and, ultimately, to predict mycotoxin levels in harvested grains. Therefore, elucidation of the weather conditions that influence the infection is essential. Temperatures of 15°C have been shown to be the most favourable for T-2/HT-2 production by FL in vitro in durum wheat kernels whereas 20°C and 25°C were optimal for toxin production in durum wheat plants (Nazari et al., 2014 (Nazari et al., , 2016 . This is also in accordance with an in situ study by Mylona & Magan (2011) , where the optimal temperature for toxin production in oat grains was 25°C. However, the relationship of temperature and/or humidity duration on T-2/HT-2 or NIV contamination in oat plants remains unclear.
Therefore, the main objectives of the current study were to assess the critical temperature and humidity conditions for a FP or FL infection in oats, and to identify the most susceptible growth stage(s) for an FL infection in oats under controlled conditions. In addition, under field conditions, the dispersal of FP and FL and the influence of weather conditions on oat infection were examined with the aid of straw residues with different fungal treatments.
Materials and methods

Inoculum preparation
Inoculum was prepared for the climate chamber experiments according to Vogelgsang et al. (2008a) with the following modifications: inoculum production was conducted on potato dextrose agar (PDA) and each plate was flushed with 20 mL water containing 0.0125% Tween 20.
Conidia of FP and FL used as inoculum for straw in the field experiment were produced in liquid V8-medium as described by Martin et al. (2017) with the following modifications: colonies were grown on PDA for 1 week under 12 h UV-light/12 h dark at 18°C. One hundred millilitres of autoclaved V8-medium in a 250 mL Erlenmeyer flask were inoculated with two FP or FL PDA disks (0.5 cm diameter), closed with a sterile plug and shaken for 7 days at 200 rpm at 22°C. Afterwards, the liquid medium was filtered through paper towels and subsequently centrifuged. The supernatant was discarded and the resulting conidial pellet was suspended in sterile water.
All Fusarium strains used were isolated from Swiss oat samples collected between 2013 and 2015 and identified according to their spore morphology. The geographic origin and the host from which they were derived are shown in Table S1 .
Climate chamber experiments
To study the effect of temperature and humidity duration at 99% RH on FP infection, two spring oat varieties that were recommended for commercial production in Switzerland, Gaillette and Husky, were chosen. To ensure a uniform development of the plants, uncoated seeds were placed in germination boxes lined with three wet filter papers (150 9 130 mm; type 615; Macherey-Nagel) and incubated for 36 h at 10°C in the dark. Subsequently, the boxes were placed into an incubator (RUMED; Rubarth Apparate GmbH) at 18°C for 72 h. Three germinated seedlings were planted in pots (15 cm diameter, 13 cm height) in standard soil ( € Okohum GmbH) at a depth of 2-3 cm. Climate chamber conditions were 18°C/75% relative humidity (RH) during the day and 13°C/85% RH during the night for the first 14 days, then 20°C/70% RH (day) and 15°C/80% RH (night) until the growth stage decimal code (DC) 83 (Zadoks et al., 1974) . The conditions were then set to 22°C/70% RH (day) and 18°C/70% RH (night) until harvest. From DC 41 until DC 83, each pot was fertilized once per week with 250 mL Wuxal P Profi (Manna; dilution of 1 mL L À1 ) per pot.
During anthesis (DC 65), three panicles per pot, one per plant, were spray inoculated at a pressure of 2 bar with 30 mL conidial suspension (10 6 conidia mL
À1
) containing three different FP strains (Table S1 ) in a 1:1:1 ratio, suspended in water containing 0.0125% Tween 20, to mimic a population. After inoculation, the plants were transferred to climate chambers to test different temperature and humidity durations at 99% RH. The tested combinations were: 10°C/4 h, 10°C/8 h, 10°C/ 12 h, 15°C/4 h, 15°C/8 h, 15°C/12 h, 20°C/4 h, 20°C/8 h and 20°C/12 h. As a control, plants were sprayed with water containing 0.0125% Tween 20 and maintained at 20°C/12 h. For each temperature, the plants were placed into the climate chamber at the same time and removed after 4, 8 or 12 h. Immediately after the respective treatments, the plants were placed back into the climate chamber with the original growth conditions as described above.
A second climate chamber experiment was conducted with FL, but solely with the oat variety Husky. The tested temperature and humidity combinations were the same as described for FP. However, the experiment was expanded by including inoculations at different development stages, to verify whether FL is able to infect oats before anthesis. The plants were inoculated at a pressure of 2 bar with 30 mL conidial suspension (10 6 conidia mL
) containing three different FL strains (Table S1 ) in a 1:1:1 ratio, suspended in water containing 0.0125% Tween 20, to mimic a population. The plants were inoculated at the beginning of ear emergence (DC 51), halfway through ear emergence (DC 55), early anthesis (DC 61) or mid-anthesis anthesis (DC 65).
In both experiments, three repetitions of each temperature and humidity duration combination were established and both experiments were conducted twice. For the variety Gaillette, the first repetition of the FP experiment was excluded due to technical problems with the climate chamber programme during the anthesis and incubation period. In addition, due to a milling error, one replicate of the treatment 10°C/12 h 99% RH from the second experimental repetition of the variety Gaillette was lost.
Field experiments
Throughout two years, 2015 and 2016, field experiments were conducted at the Agroscope research institute in Zurich, Switzerland (47°25 0 44.105″N, 8°30 0 58.853″E). Seedbeds were prepared by ploughing (September 2014; October 2015) followed by a field cultivator treatment (November 2014 , December 2015 and subsequent harrowing (March 2015 , March 2016 . Two spring oat varieties, Husky and Zorro, were sown in March of each year. The varieties were chosen according to the recommended Swiss variety list, which is commonly used by commercial farmers. The previous crop in both years was potato.
Fungal inoculation of straw residues
The treatments (plot size 3 9 9 m) comprised three different straw inoculation methods: overwintered straw, autoclaved straw (control) and freshly inoculated straw. For the 'overwintered straw' treatment, oat straw from field experiments artificially Plant Pathology (2019) 68, 173-184 inoculated with FP during anthesis in the previous year was harvested and stored at 5°C in the dark. For the control treatment 'autoclaved straw' and the 'freshly inoculated straw' treatment, oat straw harvested in 2014 was autoclaved for 30 min at 121°C. Subsequently, for the 'freshly inoculated straw' treatment, the straw was inoculated in wooden boxes by spraying one layer of straw with a conidial suspension (10 6 Fusarium conidia mL
À1
) of FP or FL as described above, before adding the next layer of straw. For the control and the 'overwintered straw' treatments the same procedure was repeated but using only water containing 0.0125% Tween 20. The applications were performed using a backpack sprayer (Flox 10; Birchmeier). Twentyfour kilograms of straw per treatment were sprayed with 12 L of the conidial suspension or Tween 20 water. The wooden boxes were placed into climate chambers at 20°C, 99% RH for 2-3 days. Once per day, the straw was mixed by hand, to ensure a homogenized infection. Before using the straw for experiments, representative subsamples were taken by randomly picking 10 straw pieces at 10 different locations in the boxes. Subsequently, the pieces were placed on PDA medium to check for the presence/absence of the respective Fusarium species.
Experimental design and set-up of field plots
The experiments consisted of a randomized complete block design with four replicated blocks. For FP, each treatment was conducted with the varieties Zorro and Husky. In contrast, for FL, only the freshly inoculated treatment and control were tested on the variety Husky because insufficient field area for a second variety and no overwintered straw for the third treatment was available. To observe potential fungal spread into border plots, a side plot with either Husky or Zorro of the same dimension but without straw application was sown next to the main plots where the straw was applied. These side plots were additionally surrounded by triticale plots of 3 m 9 12 m to minimize the risk of cross contamination (Fig. S1 ). The straw was applied to the respective plots when plants were at growth stage DC 26 in 2015, and in 2016 at DC 29 due to heavy precipitation during DC 26. For each plot, 2.5 kg straw was applied, equal to the amount in a direct tillage field.
All plots were fertilized twice (DC 22/23 and 45/47) with 120 kg ha À1 24% Mg-ammonium nitrate. In 2015, the insecticide Karate with Zeon Technology (Syngenta) was applied once to control aphids and cereal leaf beetles. In 2016, the herbicides Concert SX and Starane 180 (St€ ahler) and the insecticide Talstar (St€ ahler) were used to control monocotyledonous and dicotyledonous weeds and straw flies, respectively. No growth regulators were applied in any of the years. All plots were harvested with a plot combine harvester at the end of July 2015 and beginning of August 2016, respectively. Weather data were obtained during the entire cropping season using a nearby weather station operated by the Federal Office of Meteorology and Climatology (MeteoSwiss).
Spore traps
Spore deposition during anthesis was observed using passive spore traps. These consisted of a wooden board about 30 cm long and 10 cm wide mounted on an iron rod (Fig. 1 ). An aluminium dish (15 9 11 9 4.5 cm, type 150550, Company Pacovis AG) was placed in a vertical position on the board. At the upper end of the aluminium dish, a second one of the same type was attached in a horizontal position. A Petri dish (9 cm diameter) with a Fusarium selective agar medium (pentachloronitrobenzene (PCNB); Sigma-Aldrich) was placed under this construction, held in place by two nails, protecting it from rain, direct sunlight and rapid drying.
The spore traps were placed in the middle of the plot at the height of the oat heads in a northerly direction in order that the vertical aluminium dish would protect the agar medium from higher temperatures and irradiation. For each plot, one spore trap was placed during the anthesis period and agar plates were exchanged every 24 h. The plates were subsequently incubated at 12 h UV-light/12 h darkness at 18°C for 6 days. To identify the different Fusarium species, all fungal colonies were transferred onto PDA and synthetic nutrient-poor agar (SNA; Leslie & Summerell, 2006) and incubated under the same conditions. The different Fusarium species were identified based on their morphology, according to the manual by Leslie & Summerell (2006) .
Processing of samples
All harvested grains from the climate chamber experiment were milled with a ball mill (MM 400; Retsch) with the aid of liquid nitrogen. For the grains of the field experiment, representative subsamples were taken using a riffle divider (Schiertz & Hauenstein AG). A subsample of 6 g hulled oats was taken for seed health tests and 150 g for milling. The hulled oat grains were ground with a centrifugal mill (ZM 200; Retsch) using a 0.25 mm screen for the subsequent DNA and mycotoxin analysis. All flour samples were stored at À20°C until analysis.
Fusarium species incidence in oat grains
The incidence of Fusarium species in oat grains from field experiments was determined by a seed health test on PDA, conducted with 100 grains per sample and expressed in percentage infested grains, as described in Vogelgsang et al. (2008b) .
Quantification of Fusarium species in oat grains by quantitative PCR
DNA was extracted from 50 AE 2 mg oat flour, weighed into 1.2 mL polypropylene cluster tubes (Corning), using the NucleoSpin 96 Plant II kit (Macherey-Nagel) with the aid of one autoclaved tungsten bead per tube, as described in The FP qPCR was performed as described in Sch€ oneberg et al. (2018a) . In brief, a c. 180 bp fragment was amplified using the primer pair ACL1-F160 (5 0 -CCATCCCCAAGACACTGAG-3 0 ) and ACL1-R330 (5 0 -TACAAGTTGCTRCAAGCCC-3 0 ) (QIA-GEN). The PCR programme had an initial denaturation for 10 min at 95°C, followed by 40 cycles with 30 s at 95°C (denaturation) and 60 s at 62°C (annealing/extension), followed by fluorescence measurement.
The FL quantitative PCR (qPCR) was performed according to Edwards et al. (2012) with the primer pairs (Microsynth AG) FlangF3 (5 0 -CAAAGTTCAGGGCGAAAACT-3 0 ) and LanspoR1 (5 0 -TACAAGAAGACGTGGCGATAT-3 0 ) (Wilson et al., 2004) . The PCR programme consisted of an initial denaturation for 2 min at 95°C followed by 40 cycles. Within these 40 cycles, the denaturation was performed as 10 s at 95°C (instead of 15 s at 95°C). Following amplification, the samples were cooled to 65°C (instead of 55°C) and then the temperature was raised to 95°C at a ramp rate of 0.05°C s
The lowest standard (SQ 20) was set as the limit of detection (LOD) and sample values below the LOD were replaced by a constant value of LOD⁄2. All reactions were analysed in a CFX96 Real-Time PCR Detection System-IVD (Bio-Rad) in a 96-well plate format (hard-shell full-height 96-well semiskirted PCR plates; Bio-Rad). In every performed assay, all standards and the negative control (double distilled water) were run as triplicates.
Mycotoxin measurement in oat grains
Mycotoxins were extracted according to Sch€ oneberg et al. (2016) with the following modifications. Five grams of milled sample were weighed into a 50 mL glass bottle and extracted with 20 mL solvent mixture (acetonitrile:acetone:milli-Q water; 50:25:25). For the climate chamber experiments, only 2 g flour were extracted with 8 mL solvent due to the small amounts of sample. Extracts were filtered and cleaned by drawing 2 mL extract over 0.6 mg of Alox:Celite (50:50; Alox previously activated by 6 h at 400°C) in 3 mL SPE tubes by the aid of a vacuum. Cartridge holder, valve and needle of the SPE-box (Visiprep vacuum manifold; Supelco) were washed between each sample. Finally, 0.2 mL extract was transferred with a gas-tight syringe (Hamilton) into a 1.5 mL crimp vial (BGB), reduced to complete dryness by a gentle airstream at maximal 50°C, suspended in 1 mL of water:methanol (90:10), crimped and vortexed for 10 s.
Separation and detection was performed on an Agilent 1260 LC-System coupled to an Agilent 6470 mass spectrometer (Agilent Technologies). All samples were analysed for the following A and B trichothecenes: NIV, DON, fusarenon-X, acetyldeoxynivalenol, neosolaniol (NEO), diacetoxyscirpenol, T-2, HT-2 and for zearalenone (analytical grade; R-Biopharm). Separation of trichothecenes was performed at 40°C on a Zorbax Eclipse Plus 18 column (1.8 lm, 2.1 9 50 mm; Agilent), equipped with a guard column (SecurityGuard cartridge C18 4 9 2.0 mm, Phenomenex Inc.). Injection volume was set to 10 lL with a mobile phase flow rate of 0.30 mL min À1 . Eluent A consists of milli-Q water:methanol (95:5 v/v) and eluent B of milli-Q water:methanol (5:95 v/v). To enhance the ionization process in the interface, both eluents were fortified with ammonium acetate (LC-MS grade; Fluka) to a final concentration of 5 mM. Interface parameters of the mass spectrometer and gradient parameters of the LC-system are shown in Table S2 . The concentration of T-2/HT-2 toxins from the FL climate chamber experiment was measured using a competitive enzymelinked immunoabsorbent assay (ELISA) Ridascreen T-2/HT-2 toxin kit (R-Biopharm AG). The sample preparation and ELISA were conducted according to manufacturer's instructions. Sample extinctions were measured using a spectrometer (Tecan Sunrise) and the toxin concentrations were estimated via a standard curve of known T-2/HT-2 concentrations by RIDASOFT WIN v. 1.84 software (R-Biopharm AG). The LOD was 16 lg kg À1 and values below the LOD were replaced by a constant value of 8 lg kg
À1
.
Statistical analysis
The software R v. 3.3.2 and R STUDIO VERSION v. 1.0.136 with the packages AGRICOLAE, LME4 and LSMEANS were used for all statistical analyses (Bates et al., 2015; de Mendiburu, 2015; R Core Team, 2015; R Studio Team, 2015; Lenth, 2016) . The package AGRICOLAE was used for the Tukey post hoc test of the field experiments and the calculation of correlations. For the climate chamber experiments, the packages LME4 and LSMEANS were used, applying a linear mixed effects model (LME). Data from all experiments were verified graphically using plots of fitted values versus the root of the standardized residuals for homogeneity of variances and normal Q-Q plots for normality of residuals. In addition, the Levene test was used to verify homogeneity of variances and the Shapiro-Wilk test for normality of residuals. Mycotoxin and qPCR data were log transformed and seed health test data were arcsine square root transformed to meet the requirements of homogeneity of variances and normal distribution of residuals for the post hoc and correlation tests.
For the climate chamber experiment with FP inoculations, the analysis was only done for the variety Husky, because the lost experimental repetition for the variety Gaillette resulted in a low sample size. Hence, only descriptive statistics were done for the variety Gaillette. For the variety Husky, effects of temperature, humidity duration and growth stage were set as fixed factors, whereas experimental repetition and block were set as random factors. The detailed summary of the respective influencing factors is presented in Tables 1 and 2 . Obtained significant factors were then examined using the Tukey method for pairwise comparison of least-square means (a = 0.05). For the field experiments, an analysis of variance followed by a Tukey-HSD test (a = 0.05) was used. The analysis of the field experiments was made separately for each variety. Because the observed differences were the same in both years, the data were combined for analysis. Using the transformed data, Pearson correlation was calculated to determine the relationship between qPCR and mycotoxin data. 
Results
Climate chamber experiment with F. poae
The results of the LME for the variety Husky revealed no significant interaction between temperature and humidity duration for the amount of FP DNA and the NIV content (Table 1) . However, both the temperature and the humidity duration, individually, had a significant effect on the amount of FP DNA (P < 0.001, P = 0.023, respectively) and the temperature showed also a significant (P = 0.004) effect on the NIV content (Table 1) .
Inoculations of the variety Husky at 10°C led to significantly higher amounts of FP DNA (56 copies per ng DNA extracted) in oat grains than inoculations at 15°C (7 copies per ng DNA extracted; P < 0.001) and 20°C (8 copies per ng DNA extracted; P < 0.001; Fig. 2 ). In addition, the NIV content was significantly higher in grains from the 10°C treatments (175 lg kg À1 ) compared with the 15°C treatments (68 lg kg
À1
; P = 0.004) and the 20°C treatments (66 lg kg
; P = 0.025). The same trend was observed for the variety Gaillette, showing a higher amount of FP DNA and NIV content in grains when plants were inoculated at 10°C than when inoculated at 15 or 20°C (Fig. 2) . A significant effect (P = 0.015) of the duration of humidity was only observed for FP DNA, between the 8 h (11 FP copies per ng DNA extracted) and 12 h (47 FP copies per ng DNA extracted) treatments at 99% RH.
The highest mean amounts of FP DNA and highest mean NIV concentrations were achieved with inoculation at 10°C/12 h 99% RH in grains from both the variety Husky (115 FP copies per ng DNA extracted; 243 lg kg À1 NIV) and the variety Gaillette (163 FP copies per ng DNA extracted; 465 lg kg À1 NIV; Fig. S2) . A strong positive correlation between amount of FP DNA and NIV concentration was observed for the variety Husky (r = 0.80, P < 0.001). Climate chamber experiment with F. langsethiae
The temperature, growth stage and their interaction showed significant effects (all P < 0.001) on the amount of FL DNA. For the T-2/HT-2 content, temperature (P = 0.005), growth stage (P < 0.001) and the interaction of humidity duration and growth stage (P = 0.042) were detected as significantly influencing factors (Table 2 ). All inoculations conducted during DC 51 and DC 55 resulted in significantly lower amounts of FL DNA in oat grains (P < 0.001-0.029) compared with the inoculations made during DC 61 and DC 65, except for the inoculations at 20°C during DC 61 (Fig. 3) . Grains from plants inoculated during DC 61 at 20°C had significantly (P < 0.001) lower amounts of FL DNA than grains from plants inoculated at 10°C during DC 65. In addition, the only significant difference of the amount of FL DNA in grains within each growth stage was observed for inoculations at 20°C and at 10°C during DC 61 (P < 0.001; Fig. 3 ).
Within the different growth stages tested, no significant differences between the tested humidity durations were observed (Fig. 4) . The grains from oat plants that were inoculated during DC 65 and with a prolonged humidity duration of 12 h, had a significantly higher contamination with T-2/HT-2 (P < 0.001) compared with all other humidity durations at DC 51 and DC 55 (Fig. 4) .
The highest mean values of T-2/HT-2 concentration and amount of FL DNA were detected in grains from the 10°C/12 h 99% RH treatment where plants were inoculated during DC 65 (669 lg kg À1 T-2/HT-2; 27 FL copies per ng DNA extracted) whereas the lowest value of T-2/HT-2 was detected in grains from the 20°C/4 h 99% RH treatment where plants were inoculated during DC 55. The T-2/HT-2 data showed a significant positive correlation with the FL DNA amount (r = 0.74, P < 0.001).
Weather conditions during field experiments
During the growth stages DC 29 to 51 (application of straw until booting), weather conditions in 2016 were characterized by less precipitation and sunshine duration, but a slightly higher mean RH, than in 2015. During DC 51 to 59 (ear emergence) and after flowering until harvest (DC 71 to 89), higher precipitation and RH as well as less sunshine duration were observed in 2016 than in 2015. During anthesis (DC 61 to 69), less precipitation and a higher sunshine duration were observed in 2016, but no difference of the RH was observed compared with 2015 (Table S3 ). In 2015, no precipitation was recorded for 5 days within the full anthesis period, whereas, in 2016, the highest amount of precipitation (15.3 mm) was recorded at mid-anthesis (DC 65). The mean temperatures in the respective growth stage periods did not differ between the two years (Table S3 ). 
Field experiment with F. poae
In all oat grain samples from 2015 and 2016, NIV and FP DNA were detected. However, no maximum or indicative legislative value for DON or T-2/HT-2, respectively, was exceeded in any of the years. No significant differences in NIV contamination and FP DNA amount were detected between the three straw treatments. The subsamples from freshly inoculated and overwintered straw that were taken before the straw application and placed on PDA plates, showed an average FP incidence of 53% and 47%, respectively. No FP growth was observed from straw pieces of the control treatment.
In both years, oat grains from the variety Zorro had higher amounts of FP DNA and T-2/HT-2 concentration than grains from the variety Husky. In contrast, grains from Husky had higher DON contents (Fig. 5) . Averaged over all plots with the variety Husky, a significantly higher NIV contamination (P < 0.001) and a higher FP DNA amount (P < 0.001) were observed in 2016 ; 9 copies per ng DNA extracted) (Fig. 5) . For the variety Zorro, only the amount of FP DNA was significantly higher (P < 0.001) in 2016 (318 copies per ng DNA extracted) than in 2015 (22 copies per ng DNA extracted; Fig. 5 ). Due to the low contamination with DON and T-2/HT-2 in the two years, no statistical analysis was performed; however, both varieties revealed a higher contamination with T-2/ HT-2 in 2015 (Husky 18 lg kg À1 ; Zorro 66 lg kg À1 ) than in 2016 (Husky 4 lg kg À1 ; Zorro 8 lg kg À1 ), whereas for DON, the contamination was higher in 2016 (Fig. 5) . In addition, a higher incidence of F. graminearum (FG) was observed in 2016 compared with 2015 (Table S4 ). In some plots in 2016, lodging occurred due to strong precipitation; nevertheless, no differences in toxin contamination or fungal occurrence between these and the nonlodged plots were observed.
To investigate whether FP is able to spread to neighbouring plots, grains from the oat border plots, without artificial straw application, were also analysed for their content of mycotoxins and FP DNA. In 2015 and 2016, for both varieties Husky and Zorro and irrespective of the straw treatment, the amount of NIV was nearly equal in oat grains from the plots without straw application and the plots where the straw was directly applied (Table 3) . For the variety Zorro, only a slightly higher amount of FP DNA was observed in oat grains from plots where the straw was applied compared with the plots without straw application (Table 3) .
The spore traps employed during anthesis contained only small numbers of FP colonies in both years: in 2015 and 2016, FP was detected over 3 and 1 day(s), respectively, with very few colonies (one to four per day). In both years, FG was the most frequently identified species and an elevated occurrence of F. avenaceum colonies was observed in 2015 (data not shown).
Field experiment with F. langsethiae
In 2015 and 2016, NIV was detected in all oat samples, whereas NEO was found in all samples in 2015 (average of 182 lg kg À1 ). In both years, maximum or indicative legislative values for DON or T-2/HT-2, respectively, were never exceeded. The subsamples from freshly inoculated straw showed an average incidence of 27% FL on PDA. No FL growth was observed from straw pieces of the control treatment.
The straw treatments did not result in significant differences for any mycotoxin or the amount of FL DNA. Averaged over all straw treatments, significantly higher amounts of FL DNA (P = 0.001) and T-2/HT-2 contamination (P < 0.001) were observed in 2015 (5.9 copies per ng DNA extracted and 59 lg kg À1 T-2/HT-2) than in 2016 (0.7 copies per ng DNA extracted; 3 lg kg À1 T-2/HT-2). In contrast, in 2016, significantly higher mean amounts of NIV (286 lg kg À1 ; P = 0.005) and DON (26 lg kg
À1
; P = 0.018) were observed than in 2015 (124 lg kg À1 ; n.d.). In parallel, a higher incidence of FG and FP was observed in 2016 compared with 2015 (Table S4) . As for the FP field experiment, lodging also occurred in the FL field experiment with up to 25% area per plot. No differences in toxin contents or fungal DNA amount between lodged and nonlodged plots were observed.
In 2015, a slightly higher but not significant (P > 0.05) amount of FL DNA (12.2 copies per ng DNA extracted) was detected in oat grains from the border plots than from plots where straw was applied (5.9 copies per ng DNA extracted). This effect was not observed in 2016 or for NIV and T-2/HT-2 during the two years (data not shown). In both years, no FL colonies were detected in the spore traps.
Discussion
In the current study, the influence of temperature and humidity duration on FP and FL infections in oats under controlled conditions were investigated. Additionally, the most susceptible growth stage for a FL infection was assessed and, under field conditions, the dispersal and spore deposition of FP and FL were monitored.
The climate chamber experiments demonstrated that temperatures of 10°C were more favourable for FP and FL infection of oats. This finding is in contrast to other studies, which showed that warmer temperatures are more favourable for in vitro growth. On artificial media, the optimum temperature for mycelial growth of FP was reported to be 20-25°C (Brennan et al., 2003) , whereas for FL, it was shown to be best at 25°C (Medina & Magan, 2010) . Similar results were obtained by Imathiu et al. (2016) ; however, they also reported that FL growth was possible at 10°C.
In the present study, the NIV and T-2/HT-2 content in grain samples was higher after inoculation at 10°C than after inoculations at 15 or 20°C. Conversely, Nazari et al. (2016) as well as Medina & Magan (2011) showed that on grains and artificial cereal media, higher temperatures (15-20°C) were more favourable for T-2/HT-2 production. Previous studies have also shown that warmer temperatures (20-25°C) resulted in higher NIV production by FP in cereal grains (reviewed in Popovski & Celar, 2013) . Furthermore, FP cultivated on a mixture of wheat, oat and barley grains showed a higher production of beauvericin at warmer temperatures (>15°C; Kokkonen et al., 2010) . This disparity between the present and previous results may indicate that FP and FL isolates from Swiss oats are more adapted to cooler conditions than isolates from other countries where FP incidence, NIV content and FL infection increased with increasing temperatures (e.g. Kokkonen et al., 2010; Nazari et al., 2016) . Moreover, most of those studies were carried out in vitro and focused on growth and mycotoxin production, whereas the present study investigated the mycotoxin production in planta. Hence, future research should test the effect of different temperature regimes on mycotoxin production of several isolates in vitro and in planta to investigate potential differences.
In the present investigation, a significant effect of the humidity duration on mycotoxin production or amount of fungal DNA was not observed. This finding is in general accordance with previous findings that FP and FL are correlated with drier conditions rather than wet conditions (Xu et al., 2008; Parikka et al., 2012; Czaban et al., 2015) . However, testing the influence of water activity on FL growth in vitro, Medina & Magan (2010) observed that no growth occurred at a water activity of 0.9 or below and that the optimum was >0.98. In addition, Xu et al. (2013) observed a positive correlation of warm and wet conditions during May and dry conditions thereafter with T-2/HT-2 accumulation on oat grain samples collected in the UK. In line with this finding, Perkowski et al. (2008) concluded that precipitation had a greater influence than temperature on toxin contamination of oats. In a glasshouse experiment by Divon et al. (2012) , bagging oat shoots for 6 days after spray inoculation resulted in a successful FL infection. However, results of the present study indicate that a duration of 4 h with 99% RH is sufficient for infection by FP or FL and subsequent toxin production. Hence, high humidity in combination with comparatively low temperatures during anthesis could increase the risk of NIV or T-2/ HT-2 contamination in oats. This is in agreement with the finding that the germination rate of FG ascospores was higher under cooler (15°C) and humid conditions compared to warmer and less humid conditions (Gilbert et al., 2008) . However, further investigations are needed to examine whether these conditions also favour a higher germination rate of FP or FL conidia.
The results from the climate chamber experiment with FL imply that an infection at beginning or mid-anthesis leads to the highest amounts of FL DNA and T-2/HT-2 compared with inoculations before anthesis. Anthesis is generally thought to be the most susceptible growth stage of cereals for Fusarium infection and a field experiment with oats artificially inoculated with FG during anthesis revealed a higher kernel infection and DON content compared with infection after anthesis (Tekle et al., 2012) . Similar to the present results, spray inoculation at anthesis or early dough stage under greenhouse conditions resulted in the highest amount of FL DNA, whereas boot injection before anthesis resulted in low amounts of fungal DNA (Divon et al., 2012) . In contrast to the current study, a field survey of commercial samples with natural contamination in the UK demonstrated a higher FL biomass during head emergence compared with anthesis or later growth stages (Opoku et al., 2013) . However, the authors harvested plant material at head emergence, whereas in the present investigation, grains were analysed after harvest. Xu et al. (2013) analysed oat field samples from the UK and suggested that FL infection of oats occurs before rather than during anthesis. However, results of the current study indicate that an infection with FL before anthesis is less likely to result in high T-2/HT-2 contamination. Nevertheless, only one oat variety has been tested here and further research with several oat varieties will be needed to verify a potential variety effect in terms of flowering time or type (open or closed flowering).
The reasons for the absence of significant differences between the straw treatments in the FP and FL field experiments remain unclear. Similarly, in a field experiment conducted by Imathiu et al. (2017) , the authors reported that neither the application of inoculated straw nor the executed tillage practices significantly influenced the T-2/HT-2 contamination in oats. However, a higher occurrence of FL and T-2/HT-2 contamination was observed in oat grains from directly drilled plots compared with grains from ploughed plots in field trials in Finland, which indicates that FL colonization might still be favoured by infected crop residues (Parikka et al., 2008) . Recently, Opoku et al. (2018) observed in a field study that, under identical farming conditions, a higher contamination with FL and T-2/HT-2 occurred in oats compared with barley and wheat. This indicated host preference could be an explanation for the absence of differences between the straw treatments in this experiment. Although low amounts of FP conidia and no FL conidia were observed in the spore traps, it is possible that either, due to the small size of the border plots, some FP and FL conidia spread within the different treatments or conidia were introduced by wind from neighbouring fields. It is also possible that mycelium of faster germinating ascospores or conidia of FG and F. avenaceum overgrew FP conidia that were present in the Petri dishes, as was shown in a coinfection experiment by Xu et al. (2007) . This might also hold true for the rather slow-growing FL (Torp & Nirenberg, 2004) . In addition, it is currently not known whether there are teleomorphs of FL and FP and whether these are actively discharged; hence, the sampling method was probably not suitable for these asexually produced conidia. However, as shown for barley (Sch€ oneberg et al., 2018b) , the sampling method was suitable for observation of the flight and deposition of FG spores. Thus, other sampling Plant Pathology (2019) 68, 173-184 methods, such as automatic Multi-Vial samplers, as used by Hofgaard et al. (2016b) , might be more appropriate. Moreover, the main dispersal period of FP and FL conidia is still unknown: for example, in a Norwegian field trial with naturally contaminated straw, low amounts of FL DNA were detected in the spore traps and only during late time periods, starting at 4 weeks after heading (Hofgaard et al., 2016b) , whereas in the current study, spore traps were placed during anthesis only. This implies that conidia production and subsequent deposition of FL probably occurs later in the growing season. It has to be mentioned that the sampling method used here was passive, while Hofgaard et al. (2016b) used a sampler with an active air intake. Thus, additional field experiments during the entire cropping period as well as climate chamber experiments with spray inoculations after anthesis should be conducted. The high occurrence of FG and F. avenaceum in the spore traps might be a result of their curved spore morphology, which might be, for aerodynamic reasons, more suitable for dispersal compared with the globose or napiform spores of FP and FL (Torp & Nirenberg, 2004; Leslie & Summerell, 2006) .
The reason for the higher but not significant occurrence of FL DNA in grains from the oat border plots compared with grains from plots where infected FP/FL straw was applied in 2015 remains unknown. As stated above, it could be possible that the distance between the border plots was too narrow to exclude crosscontamination. Hence, for future investigations, it is recommended to further increase the distance between the plots. In addition, in 2015, no herbicides were applied; hence, it is assumed that a higher occurrence of weeds, mainly dicotyledonous, enhanced the colonization either due to a changed, more humid, microclimate or by serving as potential alternative hosts. However, no FL DNA was measured in sampled weeds in a study in the UK, although mainly monocotyledonous plants were analysed (Opoku et al., 2013) . Short-distance dispersal due to precipitation does not explain the potential cross-contamination between the treatment plots, but might be an explanation for the contamination of the border plots. For example, during an in vitro study, the rain splash dispersal of FP conidia reached a vertical height of up to 58 cm and a maximum horizontal distance of 70 cm (H€ orberg, 2002) . However, in the present field experiments, several rain events occurred and, thus, spores could have been transported a longer distance, travelling further with every precipitation. This hypothesis would have to be confirmed with experiments under controlled conditions. The conidia of FL and FP are of similar morphology (Torp & Nirenberg, 2004) and, therefore, it could be assumed that they are transported in a similar manner. In addition, due to a complete lack of studies about the potential wind dispersal of FP and FL, there is a need to clarify whether this is a possible method of dispersal.
The two oat varieties tested in the field differed in mycotoxin contamination; Zorro accumulated higher amounts of NIV and T-2/HT-2, whereas Husky accumulated higher amounts of DON. As for other cereal crops, this result indicates that oat varieties also vary in their susceptibility to infection by different Fusarium species and accumulation of various mycotoxins, as has been recently shown in a Swiss field experiment (Martin et al., 2018) .
The lower incidence of FP and contamination with NIV in the FP and FL field experiments in 2015 might be also a result of lodging due to heavy rainfalls in 2016. In fact, in a field study in Japan, where wheat plants were artificially inoculated with one FG NIV chemotype and one DON chemotype, a higher NIV concentration was observed in grains from lodged compared with grains from nonlodged plants (Nakajima et al., 2008) . In addition, a higher contamination with type A and type B trichothecenes as well as a higher occurrence of FP was also observed in lodged oat fields in Poland (Perkowski et al., 2008) . The effect of lodging on FL incidence and T-2/HT-2 contamination in oats is not yet understood and multiyear field studies would be necessary to elucidate the potential influence.
In 2015, contamination with NIV was lower and contamination with T-2/HT-2 was higher than in 2016; this could also be due to different weather conditions. In 2015, a higher precipitation after the straw application (DC 26), followed by a dry period of 6 days, might have been more favourable for FL development, resulting in elevated T-2/HT-2 production. Again, at the beginning of anthesis, high precipitation occurred followed by dry conditions, which might also have been more favourable for T-2/HT-2 accumulation in 2015, as suggested by Xu et al. (2013) . The higher contamination with NIV in 2016 could be due to the lower precipitation during anthesis, as less precipitation was reported to have a positive effect on FP infection (Parikka et al., 2012) . It is not yet clear which conditions enhance an infection by FL, because infections were reported with both dry and high humidity conditions (Parikka et al., 2012) .
The weather conditions observed in 2015 might also have been responsible for the contamination of grains with NEO. It is assumed that NEO was either produced by FL, or that T-2 was metabolized to NEO as has been shown in wheat plants (Nathanail et al., 2015) ; however, it is still unknown whether this holds true for oats.
The contamination of oats with NIV and T-2/HT-2 following incubation at 10°C with 12 h at 99% RH indicates that the epidemiology of FP and FL in oats is markedly different from the well-studied pathogen-host system of FG in wheat. The only similarity to FG and wheat is the observation that oat plants were more susceptible to FL infection and T-2/HT-2 accumulation at the beginning or mid-anthesis compared with earlier growth stages. It is of crucial importance to improve understanding of the environmental requirements and the main dispersal modes of FP and FL to establish a forecasting model. Hence, it is suggested that further multisite field experiments are undertaken with different oat varieties and various FP and FL strains.
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Additional Supporting Information may be found in the online version of this article at the publisher's web-site. Figure S1 . Experimental design of one replicate for the field experiment with Fusarium poae-inoculated straw. The hatched fields represent the plots where different straw treatments were applied. The winter oat varieties used were Husky and Zorro and the winter triticale variety used in border plots was Trialdo. The distance between the individual plots was 3 m. Figure S2 . Effect of temperature and duration of 99% relative humidity on the amount of Fusarium poae DNA (copies per ng DNA extracted) and nivalenol content (lg kg À1 ) in milled grains in a climate chamber experiment conducted with the two oat varieties Husky (n = 54) and Gaillette (n = 26). For the variety Husky, data are pooled from two experimental runs. The plants were spray inoculated at anthesis with a conidial suspension containing three different FP strains. Error bars represent the standard error of the mean. Table S1 . Origin of fungal strains, all isolated in Switzerland from the winter oat variety Wiland. Table S2 . (a) Agilent mass spectrometer JetStream interface parameters; (b) gradient parameters of the liquid chromatography system. Table S3 . Mean relative humidity (RH; %), temperature (Temp;°C), sum of precipitation (Prep; mm) and sum of sunshine duration (Sun; h) during different growth stages of oat plants in field experiments of 2015 and 2016. Table S4 . Mean incidence (%) of Fusarium poae (FP), Fusarium langsethiae (FL) and Fusarium graminearum (FG) in oat grains in field experiments from 2015 and 2016, based on seed health tests, described by mean value and standard error (SE) of the mean, averaged over four replicate plots.
